The colony of eusocial bee Apis mellifera has a reproductive queen and sterile workers performing tasks such as brood care and foraging. Chemical communication plays a crucial role in the maintenance of sociability in bees with many compounds released by the exocrine glands. The Dufour's gland is a non-paired gland associated with the sting apparatus with important functions in the communication between members of the colony, releasing volatile chemicals that influence workers roles and tasks. However, the protein content in this gland is not well studied. This study identified differentially expressed proteins in the Dufour's glands of nurse and forager workers of A. mellifera through 2D-gel electrophoresis and mass spectrometry. A total of 131 spots showed different expression between nurse and forager bees, and 28 proteins were identified. The identified proteins were categorized into different functions groups including protein, carbohydrate, energy and lipid metabolisms, cytoskeleton-associated proteins, detoxification, homeostasis, cell communication, constitutive and allergen. This study provides new insights of the protein content in the Dufour's gland contributing to a more complete understanding of the biological functions of this gland in honeybees.
Introduction
Bees play a key role in agriculture and global ecosystems, pollinating plants in native areas as well as high value agricultural crops [1, 2] . They have different levels of social behavior, from solitary to eusocial, whose colony has a reproductive queen and thousands of sterile or semisterile workers, performing all other tasks for colony maintenance [3] [4] [5] .
The honeybee Apis mellifera (Hymenoptera: Apidae) is a eusocial insect with a remarkable labor division [6] . Until two-three weeks of age, adult workers perform tasks inside the nest, including brood care and are named nurses [5] . After this period, the workers perform tasks out of colony including water, nectar, pollen and/or resin collection and are named foragers [5] . The social organization of the bees is maintained by a complex communication system that involves the pheromones release by various exocrine glands [6] . Among the exocrine gland of the bees, are those attached to the sting apparatus, including venom and Dufour's glands [7] . The venom gland originates from glands associated with the ovipositor of ancestors Hymenoptera, whereas the Dufour's gland is homologous to the lateral glands of other insects [8, 9] .
A set of functions has been attributed to the Dufour's gland secretion in different Hymenoptera, such as lining brood cells, nest building, larval feeding, in addition to its role in communication including hosts marker, nest and nest-mate recognition, fertility sign, trail [10] , alarm [11] and sexual pheromones [12, 13] . Although the main compounds released by Dufour's gland have been characterized as volatiles [10, 11] , the proteins present in the gland remains poorly studied.
The objective of this study was to characterize those proteins expressed differentially in the Dufour's gland of nurse and forager workers of A. mellifera, contributing with new data for the comprehension of the biological functions of this gland in the labor division.
Materials and methods

Biological samples
Africanized Apis mellifera were collected from Central Apiary of the Universidade Federal de Viçosa, Viçosa, Minas Gerais, Brazil (20˚45' S 42˚52' W). For this study, we analyzed 400 workers randomly collected from six colonies and in different dates. Two hundred nurse workers were collected in the brood areas inside the nest and 200 forager ones were collected in the nest entrance with pollen grains loaded in their hind legs. Nurse and forager workers were cryo-anesthetized, dissected and their Dufour's glands were removed and stored in 1% (v/v) aqueous solution of protease inhibitors (Sigma P2714) at -20˚C until use.
According Brazilian laws there is no need for ethical requirements for studies on invertebrates.
Protein extraction
The samples of Dufour's glands were dried using a Speed Vac concentrator (Concentrator Plus 5305, Eppendorf, Hamburg, Germany) and resuspended in 100 μL of lysis buffer (7 M urea, 2 M thiourea, 4% (w/v) 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), and 40 mM dithiothreitol (DTT). Then, the samples immersed in an ice bath were submitted to successive ultrasound pulses (2 min) centrifuged at 15,000 x g for 30 minutes at 4˚C and the supernatant collected. Total protein concentration was determined according to Bradford assay [14] using BSA as a standard.
Two-dimensional electrophoresis and image acquisition
The samples were loaded onto immobilized pH gradient (IPG) strips (linear pH 3-10, 7 cm, GE Healthcare, USA). The strips were rehydrated for 12 h in 125 μL of rehydration solution (DeStreak-GE Healthcare, USA) containing 150 μg protein, 2% (v/v) ampholyte pH 3-10 (GE Healthcare) and 40 mM DTT. Isoelectric focusing (IEF) was performed in Ettan IPGphor III apparatus (GE Healthcare) at 20˚C, with a maximum current of 50 mA/strip for approximately 14 h using the following program: 12 h at 300 V, 1000 V for 30 min, 5000 V for 80 min and 5000 V for 25 min. The IPG strips were first equilibrated in 5 mL equilibration buffer I [75 mM Tris-HCl, pH 8.8, 6 M urea, 25.5% (v/v) glycerol, 2% (w/v) sodium dodecyl sulfate (SDS), 0.002% (w/v) bromophenol blue and 1% (w/v) DTT] for 15 min and later in 5 mL equilibration buffer II [75 mM Tris-HCl, pH 8.8, 6 M urea, 25.5% (v/v) glycerol, 2% (w/v) sodium dodecyl sulfate (SDS), 0.002% (w/v) bromophenol blue and 2.5% (w/v) iodoacetamide] for 15 min. After equilibration, the strips were transferred to an SDS-polyacrylamide, 14% separating gel in Mini-PROTEAN Tetra cell (Bio-Rad, USA). The electrophoresis was performed at 100 V for 40 min and 60 V until the dye front reached the bottom of the gel. Gels were fixed in 40% (v/v) methanol with 10% (v/v) acetic acid for 30 min, washed in water, and stained with staining solution [0.8% (v/v) phosphoric acid, 20% (v/v) methanol, 8% (w/v) ammonium sulfate and 0.08% (w/v) Coomassie Brilliant Blue G-250 for 36 h. After this time, the gels were stored in solution containing 5% (v/v) acetic acid.
For each nurse or forager workers were carried out three gels, representing a triplicate. The gels were digitized with Image Scanner III (GE Healthcare) at 16 bit and 600 dpi resolution. The images were analyzed using Image Master 2D Platinum 7.0 software (GE Healthcare, USA). ANOVA was carried out a threshold of p 0.05, and those spots with ! 1.2-fold change in average spot volume between nurse and forager workers were used for the mass spectrometry analyses.
In-gel extraction and trypsin digestion of proteins for MALDI analysis
The differentially expressed spots in the Dufour's gland of A. mellifera nurse and forager workers were manually excised from each gel and transferred to 0.6 mL microcentrifuge tubes containing solution of 50% (v/v) acetonitrile (ACN) and 25 mM ammonium bicarbonate (NH 4 HCO 3 ). The samples were washed 1-4 times in this last solution until the gel pieces become translucent white. The gel slices were dehydrated for 5 min with 100% (v/v) ACN twice and dried at Speed Vac. Dried gel pieces were reduced with 65 mM DTT in 100 mM NH 4 HCO 3 for 30 min at 56˚C and alkylated with 200 mM iodoacetamide for 30 min in the dark at room temperature. The gel pieces were incubated with 100 mM NH 4 HCO 3 and rehydrated with 100% (v/v) ACN for 10 min and dried using Speed Vac. Then the gel slices were digested in solution containing 40 
Results
Comparative 2D gel electrophoresis
The 2D-electrophoresis profiles obtained from the Dufour's gland of nurse and forager workers of A. mellifera revealed 279 spots (Fig 1) . The set of ANOVA (p < 0.05) analyses detected 131 spots showing differential expression between nurse and forager workers (see S1 Table) .
Mass spectrometry
A total of 80 protein spots from Dufour's glands of A. mellifera workers were excised for digestion and mass spectrometry analyses. The MS/MS analyses resulted in the identification of 28 spots with 24 different proteins ( Fig 1A and 1B , Table 1 ). Proteins in the up-regulated group in nurse workers (a total of 20 proteins identified) included proteins that were more expressed higher in nurse workers compared to forager bees (c.a. 15 proteins) as well as those proteins that were present only in nurse workers (c.a. 5 proteins) (Fig 2, Table 2 ). These proteins belong to different functional categories playing roles in the metabolisms of protein (spot 1, 23, 26, 36, 37, 61 and 62), carbohydrates (spot 18), energy Table 2 ).
Proteins down-regulated group in nurse workers (a total of eight proteins identified), included those proteins with lower expression levels in the nurse workers in relation to forager ones (c.a. one protein) as well as those different proteins presents only in forager workers (c.a. five proteins) ( Table 2 ). These proteins have been classified into carbohydrate (spot 2 and 14) and lipid (78) metabolisms, cytoskeleton-associated proteins (spots 20, 33, 38 and 40) and allergen (spot 45) (Fig 2B, Table 2 ).
Subcellular localization and signal peptide
Data on subcellular localization and the presence of signal peptide in the identified proteins were evaluated taking into account secretory function of Dufour's gland (Fig 3, Table 2 ). Most of the identified proteins (c.a. 57%) showed cytoplasmic subcellular localization ( Fig 3A) and a small group (c.a. 25%) of the proteins contained signal peptides (Fig 3B) .
Interaction of expressed proteins
Protein-protein predicted functional interactions were assessed to obtain additional information about the functions of the protein of the Dufour's gland in A. mellifera workers (Fig 4) .
Most of the up-regulated proteins of Dufour's gland of nurse workers showed functional interactions among them: heat shock protein (LOC409384), transitional endoplasmic reticulum ATPase (TER94), enolase (LOC552678), heat shock protein (Hsc70-4), proteasome subunit alpha type (LOC552654), thioredoxin peroxidase 1 (Tpx-1), stress-70 protein (Hsc70-5), glucose-regulated protein (Hsc70-3), ATP synthase subunit beta (Atp5b), protein lethal (2) essential for life (LOC410087), protein disulfide-isomerase (ERp60) and ferritin (Fer1HCH) (Fig 4A) .
The heat shock protein (LOC409384) exhibited functional interactions with most of the protein interaction network, but there was a predominance of stronger interactions with the glucose-regulated protein (Hsc70-3), heat shock protein (Hsc 70-4) and stress protein-70 Spot numbers as in 2D reference gel (see Fig 1) . Fold change is the ratio between average normalized volume of each protein in nurse workers that of the corresponding spot in forager ones gel. 1 = means that spots of the all replicates are presents only in nurse or forager workers.
https://doi.org/10.1371/journal.pone.0177415.t002
(Hsc70-5), all them a family of heat shock proteins (HSPs), besides of interaction with ATP synthase subunit beta (Atp5b) (Fig 4A) . The thioredoxin peroxidase 1 (Tpx-1) exhibited strong functional interactions with the protein disulfide isomerase (ERp60), which in turn showed interactions with heat shock proteins (Hsc70-3 and Hsc70-4) (Fig 4A) . In addition, Tpx-1 interacted weakly with ferritin (Fer1HCH).
All down-regulated proteins in Dufour's gland of nurse workers including chitinase-like protein Idgf4-like (LOC413324), phosphoglycerate mutase (LOC552736), actin fragment (GB18527-PA), actin 42A (Arp 1), phospholipase A2 (Pla2) and venom acid phosphatase Acph-1 (Acph-1) showed no functional interactions among themselves (Fig 4B) .
Discussion
All of the proteins identified that exhibited activity in protein metabolism showed different levels in the Dufour's gland of nurse workers of A. mellifera such as heat shock proteins (HSPs) superfamily: heat shock protein (HSP60), heat shock protein (HSP70), stress-70 protein (HSP70), glucose-regulated protein (HSP70) and protein lethal (2) essential for life (HSP20). On the other hand, protein disulfide isomerase was expressed solely in the Dufour's gland of nurse workers. Molecular chaperones and proteases are required to the normal functionality of proteins in a living cell showing synthesis/degradation activities [15] , controlling the balance between native folded functional proteins and aggregation-prone misfolded or invalidated proteins [16] . To this effect, proteins involved in configuration of nascent peptide chains are expressed as heat shock proteins (HSPs) and protein disulfide-isomerase. In addition, proteins with degradative function [17] such as the proteasome subunit alpha type are also required to keep this balance.
In honeybees, HSPs are induced at high temperatures [18] , under pathogenic infections conditions [19, 20] and processes of embryogenesis [21] .
The protein lethal (2) essential for life in A. mellifera is up-regulated in the brain of forager workers [22, 23] and seems play some role during bee aging. However, the function of this protein in the Dufour's gland of A. mellifera workers needs further studies. All proteins discussed above are functionally related among themselves (see Fig 4A) and seem play some role in protein metabolism of Dufour's gland. Although most of the secreted products released by Dufour's gland of the bees are lipids [24, 25] , these proteins may be involved in the metabolism of other proteins, with their metabolic products used in the production of hydrocarbons, alcohols and esters, which have been reported in isolated secretions of this gland from nurse workers [26] [27] [28] [29] .
Within proteins of the carbohydrate metabolism family, phosphoglycerate mutase and chitinase-like protein Idgf4 were found only in the Dufour's gland of forager workers, whereas enolase was more expressed in nurse ones. Both phosphoglycerate mutase and enolase are involved in the glucose oxidation [30, 31] which is the major energy substrate for various tissues of bees [32, 33] . The chitinase-like protein Idgf4 is an imaginal disc growth factors, related to chitinase, but unlike these, chitinase-like protein Idgf4 has not hydrolase activity [34] . In A. mellifera, Idgf4 has been reported to act in the larval development [35, 36] and it seems to be released and transported to target tissues via insect hemolymph [37] .
The abundance of these energy conversion proteins from carbohydrate in the Dufour's glands of forager (phosphoglycerate mutase) and nurse (enolase) workers, suggests that this gland in both workers have an important function in cellular processes with high energy consumption, showing that Dufour's gland remains active throughout the bee lifespan [38] . The function of the chitinase-like protein Idgf4 found only in the Dufour's gland of forager workers remains unknown.
Proteins of energy metabolism as arginine kinase, ATP synthase subunit beta and transitional endoplasmic reticulum ATPase were more highly expressed in Dufour's gland of nurse workers. Arginine kinase has been reported to be both a cytoplasmic and mitochondrial protein in arthropods [39, 40] and is up-regulated in Apis cerana cerana workers under biotic and abiotic stresses [41] while ATP synthase subunit beta, in addition to its role energy production, has been reported to act as a lipophorin binding protein, the main lipoprotein in the circulation of the insects [42] , which cycles among peripheral tissues to exchange its lipid cargo at the plasma membrane of target cells [43] . The transitional endoplasmic reticulum ATPase, in turn, has been characterized as key mediator involved in ER-associated degradation (ERAD), a major quality control process in the protein secretary pathway [44, 45] .
These enzymes may function in high energy reactions required for the transport of substances from the hemolymph, which mediates chemical exchanges among tissues and organs, besides to serving in water storage [46, 47] or even modifying compounds in the gland cells prior their release into the gland lumen. The morphology of cells in the Dufour's gland of queens and workers honeybees, suggest that they are able to uptake substances from hemolymph, as circulating fatty acids [25, [48] [49] [50] [51] , which may be used as substrates in the production of hydrocarbons and esters found in the Dufour's gland secretions [26-29, 52, 53] .
The presence of proteins involved in lipid metabolism include fatty acid binding protein and hydrolase carboxylic ester, present only in nurse workers, and phospholipase A2, present in both nurse as forager in Dufour's gland of A. mellifera is logical because the principal products released by the gland are lipid-based compounds [24, 25, 52, 53] .
Fatty acid binding proteins transfer fatty acids for cell membranes and mediate the effect of fatty acids on gene expression in different tissues [54] while carboxylic ester hydrolases catalyze the hydrolysis of an ester bond resulting in the formation of an alcohol and a carboxylic acid [55] . In addition, phospholipases A2 (Pla2s) catalyze the hydrolysis of the sn-2 acyl glycerophospholipd releasing free fatty acids and lysophospholipids [56] . All proteins described above seem be involved in the production of lipids compound and its precursors found in the Dufour's gland secretion in honey bees [26-29, 52, 53] .
A hypothetical model has been suggested for esters production in Dufour's gland of queens and workers of A. mellifera, in which esters are synthesized by the elongation of fatty acids into long chain acyl groups, following by their conversion to alcohols and subsequent esterification by acyl-CoAs [57] [58] [59] . Eicosanol, an alarm pheromone [28, 60] from workers may be an intermediate in the secretory pathway of esters in the Dufour's gland [59] . In the presence of the queen, this secretory pathway is stopped, and the workers produce only precursor esters, but in queenless colonies, this route proceeds to esters [59] . This may explain the increase in the expression of lipid metabolism proteins in Dufour's gland of nurse workers that potentially may lay eggs in the absence of the queen [61, 62] since the secretion of this gland has been reported to be related to the reproductive status of eusocial bees [59] .
The detoxification and oxidative stress proteins, thioredoxin peroxidase-1 (Tpx-1) and glutathione S-transferase (GST) were up-regulated in Dufour's gland of nurse workers. These proteins are functionally related (see Fig 4A) , degrading potentially harmful substances such as reactive oxygen species and acting in the detoxification of endogenous and xenobiotic compounds [63, 64] . They are also important in intercellular transport, horm one biosynthesis and insect resistance to insecticides [65, 66] . In adult worker bees, GSTs have been reported in the muscle, brain, fat body, epidermis, midgut, and fat body [67] and venom [68] .
The up-regulation of these detoxification proteins in nurse workers, may be due to the higher metabolic activity of Dufour's gland than in forager ones, because the cell metabolism results in the production of reactive oxygen species that are toxic for cells [69] .
Ferritin was expressed only in the Dufour's gland of nurse worker. This protein transport iron ions contributing to cell homeostasis [70] . Furthermore, it seems to play role in detoxification process in some insects [71] , sharing biological functions with Tpx-1 (see Fig 4A) . Studies on insect ferritins revealed that most insects have abundant ferritin in the hemolymph and in the secretory pathways of the cells [72] . Its high expression in Dufour's gland of A. mellifera nurse workers is not clear.
Odorant binding protein OBP-13 plays important role in chemical communication in insects [73] . The genome of A. mellifera predict 21 OBPs (OBP 1-21) [74, 75] , which are small water soluble molecules, binding reversibly to messenger molecules such as pheromones that are generally hydrophobic molecules with low solubility [76, 77] . Although OBPs are commonly expressed in sensory organ of insects such as gustatory and olfactory sensilla [77] , they have been also reported in ovary, brain, tegument [74, 78] , mandibular gland [79] , hemolymph [37] and head salivary gland [80] of social bees. In the present work, OBP-13 was up-regulated in the Dufour's gland of younger nurse workers similarly to that previously reported to A. mellifera which OBP-13 expression is caste and age regulated, with high expression in younger workers [81] . Its high expression in nurse workers may be associated with increased production of pheromones by the Dufour's gland in these bees.
An intriguing finding is the presence of venom acid phosphatase Acph-1 in the Dufour's gland of A. mellifera forager workers. This is an enzyme of bee venom [68, 82] that hydrolyzes phosphomonoesters at acidic pHs. The Acph-1 of bee venom is a potent allergen, triggering strong reactions in humans [83] . The presence of this protein in the Dufour's gland of forager workers might be due a possible contamination from the venom gland, but during the removal of the Dufour's gland there were no apparent disruptions of the venom reservoirs. Thus, this protein may have another function in these worker bees.
The chemical composition of Dufour's gland secretion in insects has been identified mainly by gas chromatography and mass spectrometry, as being composed for saturated or unsaturated long chain hydrocarbons, although other compounds may also occur in this gland [10, 24, 52, 53, [84] [85] [86] . The principal enzymes for the hydrocarbons biosynthesis are fatty acid synthases, elongases, desaturases, reductases and P450 decarboxylase [12, 87] . In the honey bee A. mellifera, six desaturase and 10 elongases genes have been predict with some them expressed differentially in nurse and forager workers [88] . However, these hydrocarbon metabolism enzymes were not identified in this study, perhaps because as small they were not detected using a 2D gel/MALDI-TOF/TOF protocol or because we only analyzed those spots with significant difference in the two-dimensional electrophoresis suggesting that these enzymes are expressed equally in both the Dufour's gland of nurse and forager workers. This result suggests that further studies are necessary to identify the complete profile of proteins of the Dufour's gland of A. mellifera. This is the first descriptive and comparative proteomic study to characterize proteins in the Dufour's gland of A. mellifera. Our results showed differences in the quantity and types of proteins in the Dufour's gland when nurse workers change to forager ones, suggesting that this gland has different roles according to bee age and social behavior. Despite its simple structural complexity, the Dufour's gland of bees seem to have a great functional complexity, since until now, its major role has been reported as the production of lipid other than proteins. This study can be useful for the comprehension of some molecular mechanisms triggered the labor division in bees. 
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